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(57) ABSTRACT

A lithographic apparatus can include a component and a
positioning system operatively coupled and configured to
move the component along a first axis. The positioning sys-
tem can be configured to measure a position of the component
along a second axis or a third axis. The positioning system can
also be configured to control movement of the component so
as to compensate for an effect of eigenmode coupling
between the movement of the component along the first axis
and the measured position of the component along the second
axis or the third axis. In some embodiments, the component is
a reticle stage or a wafer stage.
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1
LITHOGRAPHIC APPARATUSES AND
METHODS FOR COMPENSATING FOR
EIGENMODE COUPLING

FIELD

Embodiments of the present invention relate to litho-
graphic apparatuses that compensate for eigenmode coupling
and relate to methods for compensating for eigenmode cou-

pling.
BACKGROUND

A lithographic apparatus is a machine that applies a desired
pattern onto a substrate, usually onto a target portion of the
substrate. A lithographic apparatus can be used, for example,
in the manufacture of integrated circuits (ICs). In such a case,
a patterning device, for example, a mask or a reticle, may be
used to generate a circuit pattern to be formed on an indi-
vidual layer of the IC. This pattern can be transferred onto a
target portion (for example, including part of, one, or several
dies) on a substrate (for example, a silicon wafer). Transfer of
the pattern is typically via imaging onto a layer of radiation-
sensitive material (resist) provided on the substrate. Gener-
ally, a single substrate will contain a network of adjacent
target portions that are successively patterned. Conventional
lithographic apparatuses include so-called steppers, in which
each target portion is irradiated by exposing an entire pattern
onto the target portion at once, and so-called scanners, in
which each target portion is irradiated by scanning the pattern
through a radiation beam in a given direction (the “scanning”-
direction) while synchronously scanning the substrate paral-
lel or anti-parallel to this direction. It is also possible to
transfer the pattern from the patterning device to the substrate
by imprinting the pattern onto the substrate.

The manufacture of ICs and other devices with a litho-
graphic apparatus generally involves the replication of
extremely fine sub-micron patterns that require an exception-
ally high degree of positional accuracy. Thus, accurately posi-
tioning the movable components of the lithographic appara-
tus, for example, substrate handling components and
patterning device handling components, is desirable. To
accomplish such positioning, lithographic apparatuses typi-
cally use a multiple-degree-of-freedom positioning system
that has one or more positioning modules to move the com-
ponent and one or more position sensors to determine the
position of the component. Typically, the sensors cannot dis-
criminate between rigid body movement and non-rigid body
movement of the component. Accordingly, the positioning
system will detect motion of the component at the sensor
location even though other portions of the component are not
moving. For example, a sensor can detect motion of a pat-
terning device support structure at the sensor locations even
though the patterning device, which is coupled to the pattern-
ing device support structure, is not moving. In such cases, the
lithographic apparatus will adjust the movement control of
the patterning device support structure based on the detected
motion, not the movement of the patterning device itself,
creating real motion of the patterning device and positioning
errors.

One source of non-rigid body movement is eigenmode
vibrations. In a multiple-degrees-of-freedom positioning sys-
tems, an input along one axis (such as a force or position
input) creates non-rigid-body eigenmode coupling motion
along one or more other axes according to the eigenmode
shape. This eigenmode coupling is not compensated for with
existing compensation methods such as gain balancing and
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2

gain scheduling. Accordingly, there is a need for improved
lithographic apparatuses and control methods that can com-
pensate for such eigenmode coupling.

SUMMARY

In some embodiments, a lithographic apparatus can
include a component and a positioning system operatively
coupled to and configured to move the component along a
first axis. The positioning system can also be configured to
measure a position of the component along a second axis.
Further, the positioning system can be configured to control
movement of the component so as to compensate for an effect
of eigenmode coupling between the movement of the com-
ponent along the first axis and the measured position of the
component along the second axis. In some embodiments, the
component is a reticle stage or a wafer stage.

In another embodiment, a method includes moving a com-
ponent of a lithographic apparatus along a first axis and mea-
suring a position of the component along a second axis. The
method can also include moving the component along the
second axis so as to compensate for an effect of eigenmode
coupling between the movement of the component along the
first axis and the measured position of the component along
the second axis. In some embodiments, the component is a
reticle stage or a wafer stage.

BRIEF DESCRIPTION OF THE
DRAWINGS/FIGURES

The accompanying drawings, which are incorporated
herein and form part of the specification, illustrate the present
invention and, together with the description, further serve to
explain the principles of the invention and to enable a person
skilled in the relevant art(s) to make and use the invention.

FIGS. 1A and 1B respectively depict reflective and trans-
missive lithographic apparatuses, according to one embodi-
ment of the present invention.

FIG. 2 illustrates a block-diagram representation of a feed-
back control system according to an embodiment.

FIG. 3 illustrates a block-diagram representation of a feed-
back control system according to another embodiment.

FIG. 4 illustrates a block-diagram representation of a feed-
back control system according to yet another embodiment.

FIG. 5 illustrates a block-diagram representation of a feed-
back control system according to another embodiment.

FIG. 6 illustrates a frequency response of an exemplary
eigenmode model description.

The features and advantages of the present invention will
become more apparent from the detailed description set forth
below when taken in conjunction with the drawings, in which
like reference characters identify corresponding elements
throughout. In the drawings, like reference numbers gener-
ally indicate identical, functionally similar, and/or structur-
ally similar elements. The drawing in which an element first
appears is indicated by the leftmost digit(s) in the correspond-
ing reference number.

DETAILED DESCRIPTION

This specification discloses embodiments that incorporate
the features of this invention. The disclosed embodiments
merely exemplify the invention. The scope of the invention is
not limited to the disclosed embodiments. The invention is
defined by the claims appended hereto.

The embodiments described, and references in the speci-

fication to “one embodiment,” “an embodiment,” “an
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example embodiment,” etc., indicate that the embodiments
described may include a particular feature, structure, or char-
acteristic, but every embodiment may not necessarily include
the particular feature, structure, or characteristic. Moreover,
such phrases are not necessarily referring to the same
embodiment. Further, when a particular feature, structure, or
characteristic is described in connection with an embodi-
ment, it is understood that it is within the knowledge of one
skilled in the art to effect such feature, structure, or charac-
teristic in connection with other embodiments whether or not
explicitly described.

Although specific reference may be made in this text to the
use of lithographic apparatus in the manufacture of ICs, it
should be understood that the lithographic apparatus
described herein may have other applications, such as the
manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, flat-panel
displays, liquid-crystal displays (LCDs), thin-film magnetic
heads, etc. The skilled artisan will appreciate that, in the
context of such alternative applications, any use of the terms
“wafer” or “die” herein may be considered as synonymous
with the more general terms “substrate” or “target portion,”
respectively. The substrate referred to herein may be pro-
cessed, before or after exposure, in for example a track (a tool
that typically applies a layer of resist to a substrate and devel-
ops the exposed resist), a metrology tool and/or an inspection
tool. Where applicable, the disclosure herein may be applied
to such and other substrate processing tools. Further, the
substrate may be processed more than once, for example in
order to create a multi-layer IC, so that the term substrate used
herein may also refer to a substrate that already contains
multiple processed layers.

In some embodiments, a lithographic apparatus can
include an extreme ultraviolet (EUV) source, which is con-
figured to generate a beam of EUV radiation for EUV lithog-
raphy. In general, the EUV source is configured in a radiation
system (see below), and a corresponding illumination system
is configured to condition the EUV radiation beam of the
EUV source.

In the embodiments described herein, the terms “lens” and
“lens element,” where the context allows, may refer to any
one or combination of various types of optical components,
comprising refractive, reflective, magnetic, electromagnetic
and electrostatic optical components.

Further, the terms “radiation” and “beam” used herein
encompass all types of electromagnetic radiation, comprising
ultraviolet (UV) radiation (for example, having a wavelength
A of 365, 248, 193, 157 or 126 nm), extreme ultra-violet
(EUV or soft X-ray) radiation (for example, having a wave-
length in the range of 5-20 nm, for example, 13.5 nm), or hard
X-ray working at less than 5 nm, as well as particle beams,
such as ion beams or electron beams. Generally, radiation
having wavelengths between about 780-3000 nm (or larger) is
considered IR radiation. UV refers to radiation with wave-
lengths of approximately 100-400 nm. Within lithography, it
is usually also applied to the wavelengths, which can be
produced by a mercury discharge lamp: G-line 436 nm;
H-line 405 nm; and/or I-line 365 nm. Vacuum UV, or VUV
(i.e., UV absorbed by air), refers to radiation having a wave-
length of approximately 100-200 nm. Deep UV (DUV) gen-
erally refers to radiation having wavelengths ranging from
126 nm to 428 nm, and in an embodiment, an excimer laser
can generate DUV radiation used within the lithographic
apparatus. It should be appreciated that radiation having a
wavelength in the range of, for example, 5-20 nm relates to
radiation with a certain wavelength band, of which at least
part is in the range of 5-20 nm.
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4

Before describing such embodiments in more detail, how-
ever, it is instructive to present an example environment in
which embodiments of the present invention may be imple-
mented.

FIGS. 1A and 1B schematically depict lithographic appa-
ratus 100 and lithographic apparatus 100', respectively.
Lithographic apparatus 100 and lithographic apparatus 100
each include: an illumination system (illuminator) IL. config-
ured to condition a radiation beam B (for example, DUV or
EUYV radiation); a support structure (for example, a mask
table) MT configured to support a patterning device (for
example, a mask, a reticle, or a dynamic patterning device)
MA and connected to a first positioning system PM config-
ured to accurately position the support structure MT and the
patterning device MA; and a substrate table (for example, a
wafer table) WT configured to hold a substrate (for example,
a resist coated wafer) W and connected to a second position-
ing system PW configured to accurately position the substrate
table WT and the substrate W. Lithographic apparatuses 100
and 100" also have a projection system PS configured to
project a pattern imparted to the radiation beam B by pattern-
ing device MA onto a target portion (for example, comprising
one or more dies) C of the substrate W. In lithographic appa-
ratus 100, the patterning device MA and the projection sys-
tem PS is reflective, and in lithographic apparatus 100", the
patterning device MA and the projection system PS is trans-
missive.

The illumination system I, may include various types of
optical components, such as refractive, reflective, magnetic,
electromagnetic, electrostatic or other types of optical com-
ponents, or any combination thereof, for directing, shaping,
or controlling the radiation B.

The support structure MT holds the patterning device MA
in a manner that depends on the orientation of the patterning
device MA, the design of the lithographic apparatuses 100
and 100', and other conditions, for example, whether or not
the patterning device MA is held in a vacuum environment.
The support structure M T may use mechanical, vacuum, elec-
trostatic or other clamping techniques to hold the patterning
device MA. The support structure MT may be a frame or a
table, for example, which may be fixed or movable, as
required. The support structure MT may ensure that the pat-
terning device is at a desired position, for example, with
respect to the projection system PS.

The term “patterning device” MA should be broadly inter-
preted as referring to any device that may be used to impart a
radiation beam B with a pattern in its cross-section, such as to
create a pattern in the target portion C of the substrate W. The
pattern imparted to the radiation beam B may correspond to a
particular functional layer in a device being created in the
target portion C, such as an integrated circuit.

The patterning device MA may be transmissive (as in litho-
graphic apparatus 100' of FIG. 1B) or reflective (as in litho-
graphic apparatus 100 of FIG. 1A). Examples of patterning
devices MA include reticles, masks, programmable mirror
arrays, and programmable LCD panels. Masks are well
known in lithography, and include mask types such as binary,
alternating phase shift, and attenuated phase shift, as well as
various hybrid mask types. An example of a programmable
mirror array employs a matrix arrangement of small mirrors,
each of which may be individually tilted so as to reflect an
incoming radiation beam in different directions. The tilted
mirrors impart a pattern in the radiation beam B which is
reflected by the mirror matrix.

The term “projection system” PS may encompass any type
of projection system, including refractive, reflective, cata-
dioptric, magnetic, electromagnetic and electrostatic optical
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systems, or any combination thereof, as appropriate for the
exposure radiation being used, or for other factors, such as the
use of an immersion liquid or the use of a vacuum. A vacuum
environment may be used for EUV or electron beam radiation
since other gases may absorb too much radiation or electrons.
A vacuum environment may therefore be provided to the
whole beam path with the aid of a vacuum wall and vacuum
pumps.

Lithographic apparatus 100 and/or lithographic apparatus
100" may be of a type having two (dual stage) or more sub-
strate tables W'T and/or two or more support structures MT. In
such “multiple stage” machines, the additional substrate
tables WT or support structures MT may be used in parallel,
or preparatory steps may be carried out on one or more tables
while one or more other substrate tables WT or support struc-
tures MT are being used for exposure.

Referring to FIGS. 1A and 1B, the illuminator IL receives
a radiation beam from a radiation source SO. The source SO
and the lithographic apparatuses 100 or 100" may be separate
entities, for example, when the source SO is an excimer laser.
In such cases, the source SO is not considered to form part of
the lithographic apparatuses 100 or 100, and the radiation
beam B passes from the source SO to the illuminator IL. with
the aid of a beam delivery system BD (FIG. 1B) comprising,
for example, suitable directing mirrors and/or a beam
expander. In other cases, the source SO may be an integral
part of the lithographic apparatuses 100 or 100", for example,
when the source SO is amercury lamp. The source SO and the
illuminator IL, together with the beam delivery system BD, if
required, may be referred to as a radiation system.

The illuminator IL. may comprise an adjuster AD (FI1G. 1B)
for adjusting the angular intensity distribution of the radiation
beam. Generally, at least the outer and/or inner radial extent
(commonly referred to as o-outer and o-inner, respectively)
of'the intensity distribution in a pupil plane of the illuminator
may be adjusted. Inaddition, the illuminator IL. may comprise
various other components (FIG. 1B), such as an integrator IN
and a condenser CO. The illuminator IL. may be used to
condition the radiation beam B, to have a desired uniformity
and intensity distribution in its cross section.

Referring to FIG. 1A, the radiation beam B is incident on
the patterning device (for example, a mask or reticle) MA,
which is held on the support structure (for example, a mask
table or reticle stage) MT, and is patterned by the patterning
device MA. In lithographic apparatus 100, the radiation beam
B is reflected from the patterning device MA. After being
reflected from the patterning device M A, the radiation beam
B passes through the projection system PS, which focuses the
radiation beam B onto a target portion C of the substrate W.
With the aid of the second positioning system PW, which can
include one or more force actuators (for example, servo-
mechanisms or any other suitable force actuators) and one or
more position sensors [F2 (for example, an interferometric
device, linear encoder, a capacitive sensor, or any other suit-
able position sensing device) in some embodiments, the sub-
strate table WT and substrate W may be moved accurately, for
example, so as to position different target portions C in the
path of the radiation beam B. Similarly, the first positioning
system PM, which can include one or more force actuators
(for example, servomechanisms or any other suitable force
actuators) and one or more position sensors [F1 (for example,
an interferometric device, linear encoder, a capacitive sensor,
or any other suitable position sensing device) in some
embodiments, may be used to accurately position the support
structure MT and the patterning device MA with respect to
the path of the radiation beam B. Patterning device MA and
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substrate W may be aligned using mask alignment marks M1,
M2 and substrate alignment marks P1, P2.

In some embodiments, positioning systems PW and PM
can be configured to move the substrate table WT and sub-
strate W, and the support structure MT and the patterning
device MA, respectively, with multiple degrees of freedom,
for example, along three perpendicular axes and rotation
about one or more of the axes.

Referring to FIG. 1B, the radiation beam B is incident on
the patterning device (for example, a mask or reticle) MA,
which is held on the support structure (for example, a mask
table or wafer stage) WT, and is patterned by the patterning
device. Having traversed the patterning device MA, the radia-
tion beam B passes through the projection system PS, which
focuses the beam onto a target portion C of the substrate W.
With the aid of the second positioning system PW, which can
include one or more force actuators (for example, servo-
mechanisms or any other suitable force actuators) and one or
more position sensor IF (for example, an interferometric
device, linear encoder, capacitive sensor, or any other suitable
position sensing device) in some embodiments, the substrate
table WT and substrate W can be moved accurately, for
example, so as to position different target portions C in the
path of the radiation beam B. Similarly, the first positioning
system PM, which can include one or more force actuators
(for example, servomechanisms or any other suitable force
actuator) and one or more position sensors (for example, an
interferometric device, linear encoder, a capacitive sensor, or
any other suitable position sensing device, and which are not
shown in FIG. 1B) in some embodiments, can be used to
accurately position the support structure MT and patterning
device MA with respect to the path of the radiation beam B,
for example, after mechanical retrieval from a mask library, or
during a scan.

Generally, movement of the support structure M T may be
realized with the aid of a long-stroke module (coarse posi-
tioning) and a short-stroke module (fine positioning), which
form part of the first positioning system PM. Similarly, move-
ment of the substrate table WT may be realized using a
long-stroke module and a short-stroke module, which form
part of the second positioning system PW. In the case of a
stepper (as opposed to a scanner) the support structure M T
may be connected to a short-stroke actuator only, or may be
fixed. Patterning device MA and substrate W may be aligned
using mask alignment marks M1, M2 and substrate alignment
marks P1, P2. Although the substrate alignment marks as
illustrated occupy dedicated target portions, they may be
located in spaces between target portions (known as scribe-
lane alignment marks). Similarly, in situations in which more
than one die is provided on the mask MA, the mask alignment
marks may be located between the dies.

The lithographic apparatuses 100 and 100' may be used in
at least one of the following modes:

1. In step mode, the support structure (for example, mask
table or wafer stage) MT and the substrate table WT are kept
essentially stationary, while an entire pattern imparted to the
radiation beam B is projected onto a target portion C at one
time (i.e., a single static exposure). The substrate table WT is
then shifted in the X and/or Y direction so that a different
target portion C may be exposed.

2. In scan mode, the support structure MT and the substrate
table WT are scanned synchronously while a pattern imparted
to the radiation beam B is projected onto a target portion C
(i.e., a single dynamic exposure). The velocity and direction
of'the substrate table WT relative to the support structure MT
may be determined by the (de-) magnification and image
reversal characteristics of the projection system PS.
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3. In another mode, the support structure MT is kept sub-
stantially stationary holding a programmable patterning
device, and the substrate table WT is moved or scanned while
a pattern imparted to the radiation beam B is projected onto a
target portion C. A pulsed radiation source SO may be
employed and the programmable patterning device is updated
as required after each movement of the substrate table WT or
in between successive radiation pulses during a scan. This
mode of operation may be readily applied to maskless lithog-
raphy that utilizes programmable patterning device, such as a
programmable mirror array of a type as referred to herein.

Combinations and/or variations on the described modes of
use or entirely different modes of use may also be employed.

FIG. 2 illustrates a block-diagram representation of a feed-
back control system 200 according to an embodiment. In
some embodiments, control system 200 may be a multiple
degree-of-freedom control system. Control system 200
includes a positioning system 201, for example, positioning
system PM or positioning system PW of lithographic appa-
ratuses 100 or 100' shown in FIGS. 1A and 1B. Positioning
system 201 moves a component 203 of a lithographic appa-
ratus. For example, component 203 may comprise support
structure MT and patterning device MA, or substrate table
WT of lithographic apparatuses 100 or 100' shown in FIGS.
1A and 1B. In some embodiments, positioning system 201
can be configured to move component 203 along two or more
axes, for example, three, four, five, six, or more than six axes.
Inthis application, “to move along an axis,” “movement along
an axis,” “moved along an axis,” or similar phrases mean
translation along the axis or rotation about the axis. In some
embodiments, positioning system 201 can be configured to
move component 203 along six axes that are perpendicular to
each other. For example, positioning system 201 can be con-
figured to translate component 203 along an x-axis, a y-axis,
and a z-axis and to rotate component 203 about the x-axis, the
y-axis, and the z-axis.

Although FIG. 2 illustrates a positioning system in which
component 203 is moved along two axes, positioning system
201 may include additional sensors and positioning modules
to position the component along additional axes.

In some embodiments, positioning system 201 includes
one or more positioning modules configured to move com-
ponent 203 along one or more axes and/or about one or more
axes. For example, as shown in FIG. 2, positioning system
201 can include a first positioning module 210 and a second
positioning module 226. Positioning module 210 can be con-
figured to move component 203 along a first axis, and posi-
tioning module 226 can be configured to move component
203 along a second axis. In some embodiments, positioning
module 210 and positioning module 226 can each include a
control unit, for example, a digital processor, discrete
circuit(s), analog circuit(s), or any other suitable control
device, and one or more force actuators (not shown), for
example, servomechanisms or any other suitable force actua-
tors. In some embodiments, the control unit of positioning
module 210 and positioning module 226 is the same control
unit. In some embodiments, positioning module 210 and
positioning module 226 may have separate control units. The
controlunit(s) control the magnitudes and directions of one or
more forces applied by the force actuators to component 203
to achieve a desired movement of component 203. In some
embodiments, positioning modules 210 and 226 may include
one or more signal conditioners or filters. In some embodi-
ments, positioning module 210 or 226 may be a servomecha-
nism controller comprising a control unit and one or more
servomechanisms. Each servomechanism controller can have
a bandwidth at which it operates.
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In some embodiments, positioning system 201 includes
one or more position sensors (for example, an interferometric
device, linear encoder, a capacitive sensor, or any other suit-
able position sensing device) configured to measure the posi-
tion of component 203. As shown in FIG. 2, positioning
system 201 may include a first position sensor 216 configured
to measure a position (position ,, schematically illustrated at
215) of component 203 along a first axis and to generate a
primary feedback signal 204. Primary feedback signal 204 is
a signal that is a function of the measured position of com-
ponent 203 along the first axis. Positioning system 201 can
also include a second position sensor 230 that is configured to
measure a position (position,, schematically illustrated at
229) of component 203 along a second axis and to generate a
primary feedback signal 220. Primary feedback signal 220 is
a signal that is a function of the measured position of com-
ponent 203 along the second axis.

As shown in FIG. 2, positioning system 201 receives a set
point signal 202, which is a signal that represents the desired
position of component 203 along the first axis. Positioning
system 201 compares set point signal 202 to primary feed-
back signal 204 to generate an actuating signal 208 (for
example, an servomechanism error signal). In some embodi-
ments, actuating signal 208 is the difference between set point
signal 202 and primary feedback signal 204.

Positioning module 210 receives actuating signal 208 and
applies one or more control forces (force,, schematically
illustrated at 212) having certain magnitudes and directions
based on actuating signal 208. Positioning module 210 is
configured such that force,, (212) moves component 203
along the first axis. Position sensor 216 measures position ,,
(215) of component 203 along the first axis and generates
primary feedback signal 204.

Positioning system 201 can also receive a set point signal
218, which is a signal that represents the desired position of
component 203 along a second axis. Positioning system 201
compares set point signal 218 to primary feedback signal 220
to generate an actuating signal 224 (for example, a servo-
mechanism error signal). In some embodiments, actuating
signal 224 is the difference between set point signal 218 and
primary feedback signal 220.

Positioning module 226 receives actuating signal 224 and
applies one or more control forces (force,, schematically
illustrated at 228) having a certain magnitude and direction
based on actuating signal 224. Positioning module 226 is
configured such that force,, (228) moves component 203
along the second axis. Position sensor 230 measures posi-
tion, (229) of component 203 along the second axis and
generates primary feedback signal 220.

Although FIG. 2 illustrates a single sensor for both sensor
216 and sensor 230, positioning system 201 can include mul-
tiple sensors 216 and sensors 230 for detecting the position of
component 203 along the first and second axis. In some
embodiments, sensor 216 and sensor 230 may be the same
sensor.

Set point signal 202, set point signal 218, actuating signal
208, primary feedback signal 204, actuating signal 224, and
primary feedback signal 220 may each comprise one or more
analog or digital signals, which is an implementation detail
that would become apparent to a person skilled in the art.

Non-rigid body, mechanical coupling between the first axis
and the second axis may result from self-excited eigenmode
vibrations. For example, there can be eigenmode coupling
between actuation along the first axis and the feedback sens-
ing along the second axis. In other words, moving component
203 along the first axis with force,; (212) can create a non-
rigid body position disturbance (schematically illustrated at
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232), which is detected by sensor 230. In some embodiments
in which the positioning modules 210 and 226 are servo-
mechanism controllers, disturbance 232 may be above the
bandwidth of the servomechanism controllers.

In some embodiments, sensor 230 cannot discriminate
between rigid body movement and non-rigid body move-
ment, and thus, the generated primary feedback signal 220
will include disturbance 232 even though other portions of
component 203 may not be moving. Thus, positioning mod-
ule 226 adjusts the movement control of component 203
along the second axis based on primary feedback signal 220.
A positional error of component 203 along the second axis
may be created because primary feedback signal 220 may
include disturbance 232. In some embodiments, this posi-
tional error can be amplified if positioning system 201 uses a
high performance feed forward signal from another moving
component of the lithographic apparatus, for example, a feed
forward signal from the substrate support WT.

Accordingly, in some embodiments, a lithographic appa-
ratus can include a positioning system configured to control
movement of a component of a lithographic apparatus so as to
compensate for an effect of eigenmode coupling between the
movement of a component along a first axis and the measured
position of the component along a second axis. FIG. 3 illus-
trates a block-diagram representation of a feedback control
system 300 according to one such embodiment.

Control system 300 includes a positioning system 301
configured to control movement of a component 303 of a
lithographic apparatus so as to compensate for an effect of
eigenmode coupling between the movement of component
303 along a first axis and the measured position of component
303 along a second axis. Control system 300 includes similar
features as the above described control system 200. These
similar features are similarly numbered and function substan-
tially the same as they do in control system 200. Namely,
positioning system 301 includes positioning modules 310 and
326 that can be configured to move component 303 along the
first axis and the second axis, respectively. Positioning system
301 can also include position sensors 316 and 330 for detect-
ing the position of component 303 along the first and second
axes, respectively. In some embodiments, component 303 can
be support structure MT and patterning device MA, or sub-
strate table WT of lithographic apparatuses 100 or 100' shown
in FIGS. 1A and 1B. Positioning system 301 can be config-
ured to move component 303 along two or more axes, for
example, two, three, four, five, six, or more than six axes. In
some embodiments, positioning system 301 can be config-
ured to move component 303 along six axes. For example,
positioning system 301 can be configured to translate com-
ponent 303 along perpendicular x-, y-, and z-axes and to
rotate component 303 about the x-, y-, and z-axes.

As shown in FIG. 3, control system 300 can include a
modeling unit 336 to compensate for mechanical coupling
between the first and second axes. For example, modeling
unit 336 may include a compensation model that is indicative
of a non-rigid body, mechanical coupling between the first
and second axes. In some embodiments, modeling unit 336
may predict a disturbance (schematically illustrated at 332)
detected by position sensor 330. Disturbance 332 may be
caused by self-excited eigenmode mechanical resonances
created by moving component 303 along the first axis with
one or more control forces (force,; schematically illustrated
at 312) applied by positioning module 310.

In some embodiments, modeling unit 336 may generate a
modeled disturbance signal 334 (for example, a coupling
signal). Modeling unit 336 can use any suitable compensation
model that describes the mechanical coupling between the
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first and second axes. In some embodiments, modeling unit
336 can be configured to compensate for an effect of eigen-
mode coupling between the movement of component 303
along the first axis (for example, a translation of component
303 along the first axis) and a measured position of compo-
nent 303 along the second axis. Particularly, modeled distur-
bance signal 334 may indicate the predicted positional dis-
placement along the second axis that is attributed to
eigenmode disturbance 332, detectable by sensor 330. For
example, modeling unit 336 may use a model description of
one or more eigenmode disturbances that are being compen-
sated. Various eigenmode model descriptions are known to
persons skilled the art. In some embodiments, modeling unit
336 may be configured to use control force,, (312), which
moves component 303 along the first axis, in conjunction
with the compensation model to generate modeled distur-
bance signal 334. In some embodiments, the predicted posi-
tional displacement attributed to eigenmode coupling along
the second axis can be a function of force,; (312) applied to
component 303 to move component 303 along the first axis.
In some embodiments, modeling unit 336 can use a model
description that has a frequency response as shown in FIG. 6.
In some embodiments, the model description used by mod-
eling unit 336 can be calibrated using frequency-domain or
time-domain optimization methods, among other known cali-
bration methods.

In some embodiments, the modeled disturbance signal 334
is combined with an actuating signal 324 (for example, a
servomechanism error signal) to generate a compensated
actuating signal 340 (for example, a compensated servo-
mechanism error signal). In some embodiments, modeled
disturbance signal 334 may be summed with actuating signal
348 using a summer (as shown in FIG. 3) to generate com-
pensated actuating signal 340. Positioning module 326
receives compensated actuating signal 324 and applies one or
more control forces (force ,, schematically illustrated at 328)
having certain magnitudes and directions based on compen-
sated actuating signal 340. Accordingly, in some embodi-
ments, disturbance 332 and its resulting motion is hid from
positioning module 326. Positioning module 326 can be con-
figured such that force ;, (328) moves component 303 along
the second axis in a manner that compensates for disturbance
332, which is detected by sensor 330. In such embodiments,
positioning module 326 may ignore a portion of primary
feedback signal 320 that is attributed to disturbance 332 so
that positioning module 326 does not amplify any position
errors. Thus, positioning system 301 may be configured to
provide a true position error of component 303 along the
second axis to positioning module 326. Accordingly, posi-
tional errors attributed to non-rigid body disturbance 332 can
be reduced or eliminated.

In some embodiments, the positioning system 301 and
modeling unit 336 may be configured to dynamically
decouple the first axis from the second axis.

Although not shown in FIG. 3, positioning system 301 can
include a third positioning module configured to move com-
ponent 303 along a third axis in some embodiments. For
example, positioning system 301 can be configured to move
component 303 along an x-axis, a y-axis, and a z-axis. In
some embodiments, the first axis in FIG. 3 is the z-axis that is
related to focus, and the second axis is the x-axis that is related
to imaging and overlay.

Table 1 below shows the magnitude of the translation posi-
tioning errors along the x- and z-axes obtained moving a
reticle stage using the following: (1) a control system similar
to the one depicted in FIG. 2 in which set point signals 202
and 218 are based on standard performance feed forward
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signals; (2) a control system similarly to the one depicted in
FIG. 2 in which set point signals 202 and 218 are based on
high performance feed forward signals; and (3) a control
system similar to the one depicted in FIG. 3 in which set point
signals 302 and 318 are based on high performance feed
forward signals. All values are in nanometers.

The moving average MA is the low frequency portion of
the positioning error, and the moving standard deviation
MSD is the high frequency portion of the positioning error.
Regarding translation along the x- and y-axes and rotation
about the z-axis, MA errors correlate with overlay errors.
Regarding translation along the z-axis, MA errors correlate
with focus performance. Regarding translation along the x-
and y-axes, MSD errors correlate with image blurring and
affect the critical dimension unit. MSD translation errors
along the x- and y-axes can also lead to image streaking
Regarding translation along the z-axis, MSD errors also cor-
relate with focus performance.

TABLE 1
Control System  Control System

Control System 200, High 300, High

200, Standard Performance Performance
MA x 0.51 0.56 0.54
MSD x 4.89 5.83 5.29
MA z 12.53 10.37 10.50
MSD z 25.10 20.84 21.18

Table 2 below shows the number of vertical streaks that
occurred on six different waters when moving a reticle stage
using the following control systems: (1) a control system
depicted in FIG. 2 in which set point signals 202 and 218 are
based on a standard performance feed forward signals; (2) a
control system depicted in FIG. 2 in which set point signals
202 and 218 are based on a high performance feed forward
signals; and (3) a control system depicted in FIG. 3 in which
set point signals 302 and 318 are based on a high performance
feed forward signal. The vertical streaks can be caused by
high MSD errors in the x-axis.

TABLE 2
Control System  Control System
Control System 200, High 300, High
Wafer 200, Standard Performance Performance
1 5 17 7
2 3 14 8
3 7 19 7
4 1 17 4
5 6 8 6
6 10 6 4

As can be seen in Tables 1 and 2, a control system similar
to the one depicted in FIG. 3 can help reduce the MSD errors
in the x-axis while substantially maintaining the improved
performance in the z-axis from using the performance feed
forward signal.

Modeled disturbance signal 334 and compensated actuat-
ing signal 340 may each comprise one or more digital or
analog signals, which is an implementation detail that would
become apparent to a person skilled in the art.

In some embodiments, a lithographic apparatus can
include a positioning system configured to control movement
of' a component of the lithographic apparatus so as to com-
pensate for an effect of eigenmode coupling between the
movement of component along a first axis and the measured
position of the component along a second axis and a third
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axis. FIG. 4 illustrates a block-diagram representation of a
feedback control system 400 according to one such embodi-
ment.

Control system 400 includes a positioning system 401
configured to control movement of a component 403 of a
lithographic apparatus so as to compensate for an effect of
eigenmode coupling between the movement of component
403 along a first axis and the measured position of component
403 along a second axis and along a third axis. Control system
400 includes similar features as the above described control
systems 200 and 300. These similar features are similarly
numbered and function substantially the same as they do in
control systems 200 and 300.

As shown in FIG. 4, positioning system 401 can receive a
set point signal 442, which is a signal that represents the
desired position of component 403 along a third axis. Posi-
tioning system 401 compares set point signal 442 to a primary
feedback signal 444. Primary feedback signal 444 is a signal
that is a function of the measured position of component 403
along the third axis. In some embodiments, actuating signal
448 is the difference between set point signal 442 and primary
feedback signal 444.

Control system 400 includes a second modeling unit 462 to
compensate for mechanical coupling between the first and
third axes. For example, modeling unit 462 may include a
compensation model that is indicative of a non-rigid body,
mechanical coupling between the first and third axes. In some
embodiments, modeling unit 462 may predict a disturbance
(schematically illustrated at 464) that is detected by sensor
460. Disturbance 464 may be caused by self-excited eigen-
mode mechanical resonances created by moving component
403 along a first axis with one or more control forces (force
schematically illustrated at 412) applied by positioning mod-
ule 410.

In some embodiments, modeling unit 462 may generate a
modeled disturbance signal 450 (for example, a coupling
signal). Modeling unit 462 can use any suitable compensation
model that describes the mechanical coupling between the
first and third axes. In some embodiments, modeling unit 462
can be configured to compensate for an effect of eigenmode
coupling between the movement of component 403 along the
first axis and a measured position of component 403 along the
second axis. Particularly, modeled disturbance signal 450
may indicate the predicted positional displacement along the
third axis that is attributed to eigenmode disturbance 464.
Modeling unit 462 can use any suitable model description of
one or more eigenmode disturbances, for example, distur-
bance 464, that are being compensated. In some embodi-
ments, modeling unit 462 may be configured to use control
force,, (412), which moves component 403 along the first
axis, in conjunction with the compensation model to generate
modeled disturbance signal 450. In some embodiments, the
prediction of the measured positional displacement along the
third axis can be based on force ,; (412) applied to component
403. Various eigenmode model structures are known to per-
sons skilled the art. In some embodiments, the model descrip-
tion used by modeling unit 462 can be calibrated using fre-
quency-domain or time-domain optimization methods,
among other known calibration methods.

In some embodiments, the modeled disturbance signal 450
is combined with actuating signal 448 to generate a compen-
sated actuating signal 454 (for example, a compensated ser-
vomechanism error signal). For example, in some embodi-
ments, modeled disturbance signal 450 may be summed with
actuating signal 448 using a summer (as shown in FIG. 4) to
generate compensated actuating signal 454. Positioning sys-
tem 401 also includes positioning module 456 that receives
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compensated actuating signal 454 and applies one or more
control forces (force ,; schematically illustrated at 458) hav-
ing certain magnitudes and directions based on compensated
actuating signal 454. Accordingly, in some embodiments,
disturbance 464 and its resulting motion is hid from position-
ing module 456. Positioning module 456 can be configured
such that force ,, (458) moves component 403 along the third
axis in a manner that compensates for disturbance 464 at
sensor 460. In such embodiments, positioning module 456
may ignore a portion of primary feedback signal 444 that is
attributed to disturbance 464 so that positioning module 456
does not amplity any position errors. Thus, positioning sys-
tem 401 may be configured to provide a true position error of
component 403 along the third axis to positioning module
456. Accordingly, positional errors attributed to non-rigid
body disturbance 464 can be reduced or eliminated.

In some embodiments, the positioning system 401 and
modeling unit 462 may be configured to dynamically
decouple the first axis from the third axis.

In some embodiments, positioning modules 456, 426, and
410 each include a control unit, for example, a digital proces-
sor, discrete circuit(s), analog circuit(s), or any other suitable
control device, and one or more actuators, for example, ser-
vomechanisms or any other suitable force actuator. In some
embodiments, the control units of positioning modules 410,
426, and 456 are the same control unit, for example, the same
digital processor. In some embodiments, positioning modules
410, 426, and 456 may have separate control units. The con-
trolunit(s) control the magnitudes and directions of the forces
applied by the actuators to component 403 to achieve a
desired movement of component 403.

In some embodiments, positioning system 401 also
includes position sensor 460 configured to measure a position
(position ,; schematically illustrated at 459) of component
403 along the third axis and to generate primary feedback
signal 444.

In some embodiments, component 403 can be support
structure MT and patterning device MA, or substrate table
WT of lithographic apparatuses 100 or 100' shown in FIGS.
1A and 1B. Positioning system 401 can be configured to move
component 403 along three or more axes, for example, three,
four, five, six, or more than six axes. In some embodiments,
positioning system 401 can be configured to move component
403 along six axes. For example, positioning system 401 can
be configured to translate component 403 along perpendicu-
larx-, y-, and z-axes and to rotate component 403 about the x-,
y-, and z-axes.

In some embodiments, a lithographic apparatus can
include a positioning system configured to control movement
of' a component of the lithographic apparatus so as to also
compensate for an effect of eigenmode coupling between the
movement of component along a first axis and the measured
position of the component along a second axis and for an
effect of eigenmode coupling between the movement of com-
ponent along the second axis and the measured position of the
component along the first axis. FIG. 5 illustrates a block-
diagram representation of a feedback control system 500
according to one such embodiment.

Control system 500 includes a positioning system 501
configured to control movement of a component 503 of a
lithographic apparatus so as to compensate for an effect of
eigenmode coupling between the movement of component
503 along a first axis and the measured position of component
503 along a second axis, and for an effect of eigenmode
coupling between the movement of component 503 along the
second axis and the measured position of component 503
along the first axis. Control system 500 includes similar fea-
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tures as the above described control systems 200, 300, and
400. These similar features are similarly numbered and func-
tion substantially the same as they do in control systems 200,
300, and 400.

As shown in FIG. 5, positioning system 501 can include a
modeling unit 572. Modeling unit 572 may predict a distur-
bance (schematically illustrated at 573) detected by position
sensor 516 caused by self-excited eigenmode mechanical
resonances created by moving component 503 along the sec-
ond axis with one or more control forces (force ,, schemati-
cally illustrated at 528) applied by positioning module 526. In
some embodiments, modeling unit 572 may generate a mod-
eled disturbance signal 566 (for example, a coupling signal).
Modeling unit 572 may use any suitable compensation model
that describes the mechanical coupling between the first and
second axes. In some embodiments, modeling unit 572 can be
configured to compensate for an effect of eigenmode cou-
pling between the movement of component 503 along the
second axis and a measured position of component 503 along
the first axis. Particularly, modeled disturbance signal 566
may indicate the predicted positional displacement along the
first axis that is attributed to eigenmode disturbance 573.
Modeling unit 572 can use any suitable model description of
one or more eigenmode disturbances, for example, distur-
bance 573, that are being compensated. In some embodi-
ments, modeling unit 572 may be configured to use control
force ,, (528), which moves component 503 along the second
axis, in conjunction with the compensation model to generate
modeled disturbance signal 566. In some embodiments, the
prediction of the measured positional displacement along the
first axis can be based on force ,, (528) applied to component
503. Various eigenmode model structures are known to per-
sons skilled the art. In some embodiments, the model descrip-
tion used by modeling unit 572 can be calibrated using fre-
quency-domain or time-domain optimization methods,
among other known calibration methods.

The modeled disturbance signal 566 is combined with
actuating signal 508 to generate a compensated actuating
signal 570 (for example, a compensated servomechanism
error signal). In some embodiments, modeled disturbance
signal 566 may be summed with actuating signal 508 using a
summer (as shown in FIG. 5) to generate compensated actu-
ating signal 570. Positioning module 510 receives compen-
sated actuating signal 570 and applies one or more control
forces (force,; schematically illustrated at 512) having cer-
tain magnitudes and directions based on compensated actu-
ating signal 570. Accordingly, in some embodiments, distur-
bance 573 and its resulting motion is hid from positioning
module 510. Positioning module 510 can be configured such
that force 4, (512) moves component 303 along the first axis in
amanner that compensates for disturbance 573 at sensor 516.
In such embodiments, positioning module 510 may ignore a
portion of primary feedback signal 504 that is attributed to
disturbance 573 so that positioning module 510 does not
amplifying any position errors. Thus, positioning system 501
is configured to provide a true position error of component
503 along the first axis to positioning module 510. Accord-
ingly, positional errors attributed to non-rigid body distur-
bance 573 can be reduced or eliminated.

In some embodiments, a lithographic apparatus incorpo-
rates one or more aspects of control systems 300, 400, and
500. For example, a lithographic apparatus can include a
positioning system configured to move component 303 along
a first, second, and third axes. And the lithographic apparatus
can be configured to compensate for an effect of eigenmode
coupling between each pair of axes.
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Embodiments of the invention may be implemented in
hardware, firmware, software, or any combination thereof.
Embodiments of the invention may also be implemented as
instructions stored on a machine-readable medium, which
may be read and executed by one or more processors. A
machine-readable medium may include any mechanism for
storing or transmitting information in a form readable by a
machine (for example, a computing device). For example, a
machine-readable medium may include read only memory
(ROM); random access memory (RAM); magnetic disk stor-
age media; optical storage media; flash memory devices, or
the like. Further, firmware, software, routines, instructions
may be described herein as performing certain actions. How-
ever, it should be appreciated that such descriptions are
merely for convenience and that such actions in fact result
from computing devices, processors, controllers, or other
devices executing the firmware, software, routines, instruc-
tions, etc.

It is to be appreciated that the Detailed Description section,
and not the Summary and Abstract sections, is intended to be
used to interpret the claims. The Summary and Abstract sec-
tions may set forth one or more but not all exemplary embodi-
ments of the present invention as contemplated by the inven-
tor(s), and thus, are not intended to limit the present invention
and the appended claims in any way.

The present invention has been described above with the
aid of functional building blocks illustrating the implemen-
tation of specified functions and relationships thereof. The
boundaries of these functional building blocks have been
arbitrarily defined herein for the convenience of the descrip-
tion. Alternate boundaries can be defined so long as the speci-
fied functions and relationships thereof are appropriately per-
formed.

The foregoing description of the specific embodiments will
so fully reveal the general nature of the invention that others
can, by applying knowledge within the skill of the art, readily
modify and/or adapt for various applications such specific
embodiments, without undue experimentation, without
departing from the general concept of the present invention.
Therefore, such adaptations and modifications are intended to
be within the meaning and range of equivalents of the dis-
closed embodiments, based on the teaching and guidance
presented herein. It is to be understood that the phraseology or
terminology herein is for the purpose of description and not of
limitation, such that the terminology or phraseology of the
present specification is to be interpreted by the skilled artisan
in light of the teachings and guidance.

The breadth and scope of the present invention should not
be limited by any of the above-described exemplary embodi-
ments, but should be defined only in accordance with the
following claims and their equivalents.

What is claimed is:

1. A lithographic apparatus comprising:

a component; and

a positioning system operatively coupled to the component

and comprising:

a first positioning module configured to generate a first
force to move the component along a first axis;

a sensor configured to measure a position of the compo-
nent along a second axis;

a second positioning module configured to generate a
second force to move the component along the second
axis based on a measured position of the component
along the second axis; and

a modeling unit configured to predict, based on the first
force, an effect of eigenmode coupling between
movement of the component along the first axis and
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the measured position of the component along the
second axis, wherein an input of the modeling unit is
a control force signal from the first positioning mod-
ule,

wherein the second positioning module is configured to
adjust a magnitude and direction of the second force
based on a predicted effect of eigenmode coupling on
the measured position of the component along the
second axis to compensate for the effect of eigenmode
coupling between the movement of the component
along the first axis and the measured position of the
component along the second axis, and

wherein the eigenmode coupling between the movement
of'the component along the first axis and the measured
position of the component along the second axis is
dynamically decoupled.

2. The lithographic apparatus of claim 1, wherein the posi-
tioning system further comprises:

a second sensor configured to measure a position of the

component along a third axis;

a third positioning module configured to generate a third
force to move the component along the third axis based
on a measured position of the component along the third
axis; and

a second modeling unit configured to predict, based on the
first force, an effect of eigenmode coupling between
movement of the component along the first axis and the
measured position of the component along the third axis,
wherein an input of the second modeling unit is a control
force signal from the first positioning module,

wherein the third positioning module is configured to
adjust a magnitude and direction of the third force based
on a predicted effect of eigenmode coupling on the mea-
sured position of the component along the third axis to
compensate for the effect of eigenmode coupling
between the movement of the component along the first
axis and the measured position of the component along
the third axis, and

wherein the eigenmode coupling between the movement of
the component along the first axis and the measured
position of the component along the third axis is
dynamically decoupled.

3. The lithographic apparatus of claim 1, wherein the posi-

tioning system further comprises:

a second sensor configured to measure a position of the
component along the first axis; and

a second modeling unit configured to predict, based on the
second force, an effect of eigenmode coupling between
movement of the component along the second axis and
the measured position of the component along the first
axis, wherein an input of the second modeling unit is a
control force signal from the second positioning mod-
ule,

wherein the first positioning module is configured to adjust
a magnitude and direction of the first force based on a
predicted effect of eigenmode coupling on the measured
position of the component along the first axis to com-
pensate for the effect of eigenmode coupling between
the movement of the component along the second axis
and the measured position of the component along the
first axis.

4. The lithographic apparatus of claim 1, wherein the first
axis is orthogonal to the second axis, and wherein the posi-
tioning system is configured to translate the component along
the first axis.
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5. A method comprising:

moving a component of a lithographic apparatus along a
first axis by applying a first force to the component using
a first positioning module;

predicting, based on the first force, an effect of eigenmode
coupling between movement of the component along
the first axis and a measured position of the component
along the second axis using a modeling unit, wherein an
input of the modeling unit is a control force signal from
the first positioning module; and

moving the component along the second axis by applying
a second force to the component, using a second posi-
tioning module, based on a predicted effect of eigen-
mode coupling between movement of the component
along the first axis and a measured position of the com-
ponent along the second axis so as to compensate for the
effect of eigenmode coupling between the movement of
the component along the first axis and the measured
position of the component along the second axis,

wherein the eigenmode coupling between the movement of
the component along the first axis and the measured
position of the component along the second axis is
dynamically decoupled.

6. The method of claim 5, further comprising:

predicting, based on the first force, an effect of eigenmode
coupling between movement of the component along
the first axis and a measured position of the component
along a third axis using a second modeling unit, wherein
an input of the second modeling unit is a control force
signal from the first positioning module; and

moving the component along the third axis by applying a
third force to the component, using a third positioning
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module, based on a predicted effect of eigenmode cou-
pling between movement of the component along the
first axis and a measured position of the component
along the third axis so as to compensate for the effect of
eigenmode coupling between the movement of the com-
ponent along the first axis and the measured position of
the component along the third axis,

wherein the eigenmode coupling between the movement of

the component along the first axis and the measured
position of the component along the third axis is
dynamically decoupled.

7. The method of claim 5, further comprising:

predicting, based on the second force, an effect of eigen-

mode coupling between movement of the component
along the second axis and a measured position of the
component along the first axis using a second modeling
unit, wherein an input of the second modeling unit is a
control force signal from the second positioning mod-
ule; and

adjusting a magnitude and direction of the first force

applied to the component based on a predicted effect of
eigenmode coupling on the measured position of the
component along the first axis so as to compensate for an
effect of eigenmode coupling between the movement of
the component along the second axis and the measured
position of the component along the first axis.

8. The method of claim 5, wherein the first axis is orthogo-
nal to the second axis, and wherein moving the component of
the lithographic apparatus along the first axis comprises
translating the component.
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